ABSTRACT: Intertidal sedim ents usually contain a high am ount of dim ethylsulfoniopropionate (DMSP) and therefore rep resen t environm ents w ith a potentially high em ission of dim ethylsulfide (DMS). However, know ledge on production and release of DMSP in intertidal sedim ents is limited. H ere, w e p resen t d a ta on th e diel variation of the total DMS and DMSP content (DMS[P]total) and the DMS(P) concentration in the p orew ater (DMS[P]porewater) in an intertidal sedim ent covered by diatoms. M easurem ents w ere m ade at low tide during the day and during the night. Both DMS(P)total and DMS(P)porewater w ere constant an d did not respond to the changing conditions of light and oxygen in th e sedim ent, indicating that production and consum ption processes w ere in equilibrium . Incuba tion of diatom s u n d e r light/oxic, dark/oxic and dark/anoxic conditions suggested that no large am ounts of DMSP w ere excreted u n d er the different conditions applied. DMS(P)porewater w as around 100 nM, w hich w as about 3 orders of m agnitude low er th a n DMS(P)total. Only after the onset of a heavy rainfall DMS(P)porewater in th e sedim ent suddenly increased above 1 pM, w hich w as explained by excretion of DMSP by D M SP-containing m icroorganism s in response to the osmotic shock. Both DMSP an d DMS w ere rapidly d e g ra d e d in sedim ent slurries, especially u n der oxic conditions, and degrad atio n closely followed first order kinetics. We conclude that although intertidal sedim ents con tain high total am ounts of DMSP, a relatively low am ount of DMSP is released by the m icrophyto benthos u n d er naturally fluctuating light and oxygen conditions, and once released, DMSP and DMS are rapidly d e g ra d e d in th e u p p er o x ygenated sedim ent. This explains the low flux of DMS from intertidal sedim ents to th e atm osphere reported in the literature.
INTRODUCTION
D im ethylsulfide (DMS) is one of th e m ajor biogenic sources of sulfur to th e atm osphere (Kelly & Smith 1990 , Bates et al. 1992 . Increasing know ledge of the im pact of atm ospheric oxidation products of DMS on clim ate (Charlson et al. 1987 (Charlson et al. , C harlson & W igley 1994 'Present address: D epartam ento de Biología, Facultad de Ciencias del Mar, U niversidad de Cádiz, C am pus Rio San Pe dro S/N, 11510 Puerto Real, Spain. E-mail: stef.van@uca.es A ndreae et al. 1995 A ndreae et al. , Ayers et al. 1997 ) has stim ulated research on processes leading to DMS em ission over the past years. DMS is m ainly em itted from the m arine environm ent (Bates et al. 1992) . This is a consequence of the fact that DMS is the cleavage product of dim ethylsulfoniopropionate (DMSP), w hich is a sec ondary m etabolite know n to be presen t in m any m arine micro-and m acroalgae (White 1982 , Keller et al. 1989 , B lunden et al. 1992 . Jonkers et al. (1998a) suggested that m arine m icro bial m ats are appropriate m odel ecosystem s to study processes an d factors that d eterm ine em ission rates of DMS. H igh concentrations of DMSP have b een m e a sured in these intertidal sedim ent system s (Visscher et al. 1991 , 1994 , Van Bergeijk & Stal 1996 , Jon k ers et al. 1998a ) an d they contain high num bers of m icroorgan isms th at are involved in th e production and consum p tion of DMSP an d DMS (Jonkers et al. 1998a) . The oxygenic phototrophic m icroorganism s or m icrophytobenthos, w hich grow in th e top layer of the sedim ent, generally consist of cyanobacteria an d diatom s. DMSP production has recently b e e n d etected in several benthic diatom s (Jonkers et al. 1998a (Jonkers et al. , V an B ergeijk 2000 and they are probably responsible for a substantial part of th e total DMSP in the sedim ent. Release of DMSP from m icrophytobenthos to the environm ent provides a substrate for b acteria p resen t in the sed i m ent. As oxygen p en etrates only a few mm into the sedim ent (e.g. Revsbech et al. 1980) , DMSP is d e g rad ed both u n d er oxic and anoxic conditions. DMSP is d e g ra d e d either via cleavage or dém éthylation (Tay lor & V isscher 1996) . C leavage of DMSP yields DMS and acrylate, while methylmercaptopropionate (MMPA) is the initial product of dém éthylation of DMSP. Both DMS an d MMPA, in turn, are d e g ra d e d u n d er oxic as w ell as anoxic conditions. M ost research has focused on th e d eg rad atio n routes of DMSP an d the m icro organism s involved (e.g. Taylor & G ilchrist 1991, T ay lor & V isscher 1996, V an d er M aarel & H ansen 1996 and references within) but little is know n about the production an d release of DMSP in intertidal sed i m ents. M icrobial com m unities in intertidal sedim ents are exposed to large diel fluctuations in physico-chem ical p aram eters (e.g. oxygen, pH, salinity, light). How these fluctuations affect th e dynam ics of the p articu late, m icrophytobenthos-related DMSP pool and the dissolved DMSP pool has not b een investigated. In the presen t study, w e m easu red these pools in relation to the m icrophytobenthic biom ass, exp ressed as chi a, at low tide d uring th e day an d night, in an intertidal sedim ent covered by benthic diatom s. To obtain an estim ate of production an d consum ption rates, the potential deg rad atio n rates of DMSP an d DMS in this sedim ent w ere assessed in slurry experim ents.
MATERIALS AND METHODS
Sampling. The diel variation of DMS(P) and chi a w as determ in ed at an intertidal flat at Ellew outsdijk in the W esterschelde Estuary, The N etherlands (latitude 51° 23' N, longitude 3° 49' E), on 29 an d 30 Ju n e 1998. The sedim ent (w ater content 43.5% , specific gravity 1.55 g c n r 3 w et wt) w as covered w ith a film of diatoms, consisting m ainly of epipelic species, dom inated by Gyrosigma acum inatum and N avicula phyllepta. Sal inity w as 30 PSU and tem p eratu re w as 19°C during the day and 16°C during the night. Total DMS(P) and DMS(P) in the porew ater w ere m easured. Total DMS(P) (indicated as DMS[P]total) is the total am ount of p articulate and dissolved DMS and DMSP in the sedi m ent. DMS(P)total w as m easured because prelim inary m easurem ents show ed that total DMS and dissolved DMSP concentrations w ere generally below detection limit (see 'DMS[P] analysis'), w h ereas the m ajority of DMS(P) w as in the form of particulate DMSP. DMS(P)porewater is the total concentration of extracellu lar, dissolved DMS and DMSP. Sam ples w ere tak en at low tide, during the day and night, at reg u lar time intervals in 6 com parable plots of approximately 0.5 m2. To investigate the effect of inhibition of photosynthesis on the DMS(P) concentration in the sedim ent, 3 of the plots w ere incubated in the dark using plastic crates (1.0 X 0.5 X 0.2 m) covered w ith black plastic. The crates w ere open on 1 side, w hich w as put on the sedi m ent surface. The plastic crates w ere rem oved after sam pling during the day, just before subm ersion of the sedim ent. In each plot, 3 cores (0 24 mm) w ere tak en and 2 sedim ent slices (0 to 2.5 and 2.5 to 5 mm depth) w ere sam pled w ith a 2.5 mm high perspex ring (0 24 mm) for determ ination of DMS(P)total and chi a. The 2.5 mm slices w ere cut in half w ith a small spatula. O ne half w as used for chi a analysis and the other half w as used for determ ination of DMS(P)total. Sam ples of the 3 cores from each plot w ere pooled in order to av er age the sedim ent sam ples. Sam ples for chi a analysis w ere put in glass culture tubes, covered w ith parafilm and stored on ice in the dark. The tubes w ere im m edi ately transferred to a freezer (-80°C) upon retu rn to the laboratory and stored until analysis. Sam ples for d e te r m ination of DMS(P)total w ere put in 6 ml glass vials (Chrompack). Filtered seaw ater from the sam pling site (GF/F filters, W hatman) w as ad ded to a final volum e of 3 ml, after w hich 1 ml 8 M N aO H w as added. DMS(P) concentration in the filtered seaw ater w as below detection limit. After addition of NaOH, the vials w ere im m ediately closed w ith gas-tight, Teflon-coated butyl ru b b er septa and alum inum crimp seal caps. The vials w ere stored at room tem perature in the d ark and the sam ples w ere analyzed for DMS (P)total w ithin 1 w k after sam pling. DMS(P)porewater w as sam pled using Rhizon Soil M oisture Sam plers (SMS, Eijkelkam p A gri search Equipm ent). An SMS consisted of a ceram ic rod (length 50 mm, 0 2 mm) connected to a 10 ml syringe, w hich w as used to apply a vacuum . Porew ater w as absorbed by the ceram ic rod and collected in the syringe. At each sam pling point the ceram ic rod of an SMS w as inserted in each plot just below the sedim ent surface and w as rem oved 1 h after insertion. As w e did not have the necessary equipm ent at our disposal in the field, w e could not m easure DMS and DMSP separately and therefore m easu red DMS(P)porewater. To 4.5 ml of porew ater, 1.5 ml of 8 M N aO H w as a d d ed in 6 ml glass vials, w hich w ere sealed im m ediately. The sam ples w ere stored at 4°C in the d ark until analysis.
Slurry experiments. To d eterm ine th e potential d e gradation rate of extracellular DMSP an d DMS, sed i m ent slurries w ere am en d ed w ith 7 pM DMSP and in cubated u n d er oxic/light, oxic/dark and anoxic/dark conditions. T hese experim ents w ere ru n in duplicate (Series A and Series B). The slurries w ere p re p ared w ith sedim ent collected using stainless steel cores (0 24 mm) durin g low tide on 30 Ju n e 1998. The top 1 cm of sedim ent from each core w as m ixed w ith 25 ml of filtered seaw ater (GF/F filters, W hatm an) in a 60 ml glass bottle. Slurries h e a te d at 110°C for 45 m in w ere used as abiotic controls. The bottles w ere closed gastight, using 10 mm thick butyl ru b b er stoppers and alu m inum crim p caps. Prior to th e experim ents butyl ru b b er stoppers w ere boiled in 1 M N aO H and rinsed with dem ineralized w ater, to rem ove sulfur com pounds that could be p resen t in th e stoppers. A noxic/dark condi tions w ere o btained by w rap p in g the bottles w ith alu m inum foil an d flushing the h ead sp ace w ith N2 gas for 30 min. For oxic/dark conditions the bottles w ere w rap p ed w ith alum inum foil and in cubated on a sh a k ing incubator (200 rpm). For oxic/light conditions the bottles w ere illum inated at a photon flux density of approxim ately 75 pm ol photons n r 2 s_1 an d incubated on th e sam e shaking incubator. All slurries w ere in cu b ated at 20°C. The DMS concentration in th e slurries w as followed by m easuring DMS in the h ead sp ace of the bottles. At reg u lar tim e intervals, 1.5 ml of slurry w as sam pled for DMSP using plastic syringes fitted w ith stainless steel needles. Im m ediately after sam pling the sam ples w ere centrifuged for 2 min (Eppen dorf centrifuge, 12 000 g ) and the su p ern atan t w as used for m easuring extracellular DMSP. The su p ernatant w as p u rg e d w ith N2 for 7 min to rem ove DMS and 0.75 ml w as put in 6 ml glass vials, after w hich 0.25 ml N aO H (8 M) w as a d d ed an d the vials w ere sealed. S tandards of DMS w ere in cu b ated parallel to the slurries in equally sized bottles containing an equal am ount of liquid. W hen th e slurries w ere sam pled for DMSP analysis, sam ples of 1.5 ml w ere tak en from the standards sim ultaneously, to correct for ch anges in the liquid to h ead sp ace volum e ratio.
A n atu ral population of m icrophytobenthos, consist ing of benthic diatom s, w as also in cu b ated u n d er light/ oxic, dark/oxic and dark/anoxic conditions to evaluate the effect of these treatm en ts on the intracellular and extracellular DMSP concentration. Diatoms w ere e x tracted from th e sedim ent using silica slurry, after the m ethod d escribed by B lanchard et al. (1997) . The slurry w as o btained from sedim ent collected near our sam pling site on 27 April 1998. Salinity an d te m p era ture at the sam pling site w ere 20 PSU and 13°C, re spectively. The sedim ent w as densely covered by epipelic diatoms. In 30 ml glass bottles, 5 ml silica slurry, containing the diatoms, w as m ixed w ith 10 ml filtered seaw ater. The bottles w ere sealed and in cu b ated for 24 h as described above. Sam ples w ere taken before and after incubation.
Chi a analysis. Chi a w as determ ined spectrophotometrically. Before chi a extraction, the sedim ent sam ples w ere freeze-dried for 48 h. Chi a w as extracted overnight at 4°C w ith N,N-dimethylformamide (DMFA), after vortexing and ultrasonicating for 10 min in a cold w ater bath. After extraction, the sam ples w ere centrifuged for 5 m in and the extinction w as m e a sured at 665 nm in 1 ml of DMFA extract in a glass cuvette. Subsequently DMS(P) analysis. DMSP w as m easured indirectly as DMS, after hydrolysis of DMSP to DMS and acrylate w ith cold alkali (C hallenger et al. 1957, W hite 1982) . A final concentration of 2 M N aO H w as used to hydro lyze the sam ples, w hich w ere incubated for at least 24 h before analysis. DMS w as m easured by h e a d space analysis w ith a gas chrom atograph (CP 9000, Chrom pack), e q u ip p ed w ith a w ide bore colum n (Poraplot U, ID 0.53 mm; 25 m; Chrom pack) and a flam e ionization detector (FID). T em peratures of the detector, injector and oven w ere 200, 175 and 150°C, respectively. The flows of air, H2 and the carrier gas, N2, w ere 300, 30 and 8 ml m k r 1, respectively. The retention tim e of DMS w as approxim ately 2.5 min. The system w as calibrated using standard solutions of either DMS or DMSP (cleaved to DMS by alkaline hydrolysis), w hich w ere sam pled parallel to the sam ples in the sam e bottles w ith the sam e headspace: volum e ratios. The detection limit of this m ethod w as 10 nM in sam ples of 3 ml in 6 ml vials and accurate DMS m easurem ents could be m ade above 100 nM. Prelim inary m easurem ents show ed that extracellular DMS and DMSP concentrations in the porew ater of intertidal sedim ents w ere generally below or just above the detection limit. To be able to m easure the concentration of DMS(P) in the porew ater sam ples, w e used the pu rg e-an d -trap system developed by B rugger et al. (1998), w ith a detection limit of 0.33 nM for a 3 ml sam ple. Statistics. Two-way analysis of variance w ith Bonferroni post-hoc com parison (Software: SPSS 9.0) w as a p plied to assess significant differences b etw een the sam ples tak en at low tide during the day and during the night. Fixed factors in the analysis w ere u n treated v e r sus d ark en ed sedim ent plots, and tim e of sam pling. Not all data m et the dem and of hom ogeneity of variance, as tested w ith L evene's test. This problem could not be al leviated by transform ation of the d ata (log or square root). H ence, it was decided to use the non-transform ed data for all statistical analyses, except for the data of DMS(P)porewater for w hich a logarithm ic transform ation significantly im proved hom ogeneity of variance.
RESULTS
The total DMS(P) content of the 2 top layers of sedi m ent (0 to 2.5 and 2.5 to 5 mm) w as constant during the diel cycle (Fig. 1A,E) . Only the total DMS(P) content of the last sam pling point of the deep er layer (2.5 to 5 mm) w as slightly but significantly higher th an th at of the first sam pling point (Table 1) . Incubation of the sedim ent in the dark, by covering it w ith black plastic during the low w ater period in the light, had no signif icant effect on DMS(P)total, on chi a or on the chi aspecific DMSP content (Table 1 , Fig. 1A-F) . However, during the low w ater period in the dark, the chi a con tent of th e top 2.5 mm of sedim ent w as slightly but sig nificantly low er at the last sam pling points th an at some points during th e low w ater period in the light (Table 1 , Fig. 1C,D) . Sim ultaneous to this d ecrease in chi a w e o bserved an increase in chi a-specific DMSP content, w hich w as slightly but significantly h igher in the top 2.5 mm at the last sam pling points during the low w ater period in the d ark (Table 1 , Fig. 1E,F) . The low DMS(P) concentration in th e p orew ater (Fig. 1G,H ) indicated that the m ajor p art of DMS(P)total w as p resen t inside the diatom s (and other DMSPcontaining organism s w hich m ay have b een present). DMS(P)total (-100 nm ol c n r 3 sedim ent or 100 pM) w as 3 orders of m agnitude h ig h er th an DMS(P)porewater (-100 nM). DMS(P)porewater w as constant during the tidal cycle, but suddenly in creased to values >1 pM at the en d of the low w ater period in th e dark, w hich coin cided w ith a heavy rainfall (Fig. 1G,H) .
Silica slurry, containing a m ixed population of diatom s extracted from intertidal sedim ent, w as in cu b ated u n d er light/oxic, dark/oxic an d dark/anoxic con ditions, to sim ulate th e light an d oxygen conditions that occur in the sedim ent (Fig. 2) . The intracellular DMSP content in creased significantly in the light, but not in the d ark ( Fig. 2A) . Because chi a did not change noticeably (Fig. 2B) , the chi a-specific DMSP content also in creased in th e light (Fig. 2C) . No differences in intracellular DMSP and chi a content w ere observed b etw een th e oxic and anoxic incubations in the dark. However, extracellular DMSP th at w as p resen t at the start of the experim ent (presum ably as a result of the slurry preparation), had almost com pletely d isap p e a re d after 24 h un d er oxic, but not u n d er anoxic con ditions (Fig. 2D) , w hile DMS w as detected only under anoxic conditions (results not shown). These results suggested th at extracellular DMS(P) w as m ore rapidly d e g ra d ed u n d er oxic th an un d er anoxic conditions by bacteria that h a d en d ed up in the silica slurries.
To assess the potential d egradation rate of DMS and DMSP by bacteria that w ere presen t in the sedim ent at our sam pling site, sedim ent slurries w ere am ended w ith 7 pM DMSP and incubated u n d er light/oxic, dark/oxic and dark/anoxic conditions (Fig. 3) . The d e gradation of DMSP and DMS can be described by the sum of the m etabolic activities of the different func tional groups of m icroorganism s presen t in the sedi m ent (e.g. sulfate-reducing bacteria, m ethanogens, aerobic heterotrophs), d ep en d in g on the concentra tions of DMSP and DMS according to M ichaelis-M enten-type kinetics (Van d en Berg et al. 1998) . A ssum ing that DMSP and DMS concentrations are not saturating, and biom asses of DMSP-and DM S-degrading m icroorganism s rem ain constant, m icrobial d e gradation of DMSP and DMS can be described by the following equations: Table 2 T able 2. E stim ated p aram eter values for Eqs. Table 2 . The model gave an excellent fit to the slurry data (Fig. 3) . The results dem onstrate that degradation of DMSP and DMS w as faster u nder oxic than under anoxic conditions, w hile the degradation of DMS w as slower than the degradation of DMSP u nder all condi tions (Table 2, Fig. 3 ). Furtherm ore, the results show that in this sedim ent a major part (60 to 82 %) of the DMSP w as not dem ethylated but cleaved to DMS (Table 2) .
DISCUSSION
A lthough m icrobial com m unities in intertidal sed i m ents are exposed to large diel fluctuations in physico chem ical p aram eters (e.g. oxygen, pH, salinity, light), w e found that the total DMS(P) content of th e diatomdom inated in tertidal sedim ent w as nearly constant over a diel cycle. In addition, w e found that anoxic con ditions during a diel period did not have a strong im pact on th e intracellular DMSP content of the diatom s. In a n atu ral population, w hich w as isolated from the sedim ent using a silica slurry, DMSPintra and chi a did not ch an g e w h en in cu b ated u n d er dark/oxic or dark/anoxic conditions. The diatom s apparently w ere able to survive dark/anoxic conditions very well, w hich is in accordance w ith earlier findings that estri arm e benthic diatom s are able to survive long periods in th e d ark equally w ell u n d er oxic or anoxic condi tions (Admiraal & Peletier 1979) . U nder light/oxic con ditions, w e observed a significant increase in the chi aspecific DMSP content in th e silica slurries. Light clearly h a d a stim ulating effect on DMSP production, but as w e have no d a ta on ch anges in cell num bers, w e do not know if the am ount of DMSP p er cell increased. Possibly, incubation u n d er continuous light affected the chi a content of the diatoms, leading to an in creased DMSP:chl a ratio. The DMSP:chl a ratios w e observed are similar to the values rep o rted for diatomdom inated com m unities in pelagic system s (Iverson et al. 1989 , Kwint & Kram er 1996 , Tow nsend & Keller 1996 . The DMSP:chl a ratio in the sedim ent sam ples (about 5 mmol g_1) w as m uch higher th an in the silica slurries (about 1.5 mmol g_1), w hich m ay have b een caused by a different species com position and a higher salinity in the sedim ent sam ples. The sedim ent at Ellew outsdijk w as dom inated by Gyrosigma accum inatum and salinity w as 30 PSU, w hile the sedim ent used for the silica slurry experim ent w as dom inated by N a vic ula arenaria var. rostellata and salinity w as 20 PSU. Several studies have dem onstrated an increase in DMSP content w ith increasing salinity in m arine diatom s (Dickson & Kirst 1986b , N othnagel 1995 , Van Bergeijk 2000 . DMSP excreted by m icrophytobenthos can be d e g rad ed by the bacterial com m unity in the sedim ent. We found that d egradation of DMSP and DMS in sedi m ent slurries w as quite fast and that it w as very w ell described by the applied equations (Fig. 3) . This im plies that degradation followed 1st order kinetics and w as not saturated by the concentration of DMSP (7 pM) added. D egradation of DMSP and DMS w as fastest u n d er light/oxic conditions. The slightly slower degradation of DMSP and the low er ij (the proportion of DMSP w hich is cleaved to DMS) u n d er dark/oxic conditions m ight be explained by the activity of purple sulfur bacteria, w hich are generally found in signifi cant num bers in m arine intertidal sedim ents (e.g. Vis scher & Van G em erden 1991). It has b e en observed that the DMSP lyase activity of the purple sulfur b a c terium Thiocapsa roseopersicina M il is e n h an ced in the light u n der oxic conditions (Jonkers et al. 1998b ). M arine m icroalgae have also b ee n show n to contain DMSP lyase (Stefels & V an Boekei 1993 , Steinke et al. 1996 , but it is unknow n w h eth er their DMSP lyase activity is d ep e n d e n t on light conditions and th ere are indications that m arine diatom s do not have DMSP lyase (Stefels et al. 1995 , Kwint et al. 1996 , Van Ber geijk 2000 . The DM S-oxidizing activity of purple sul fur bacteria in the light m ay also explain the difference betw een the degradation of DMS u n der light/oxic and dark/oxic conditions (Jonkers et al. 1999) . In most stu d ies, the degradation of DMS in m arine sedim ent slur ries has b een found to be quite similar u n d er oxic or anoxic conditions (Kiene 1988 (Kiene , V isscher et al. 1995 . However, un d er dark/anoxic conditions the d e g ra d a tion of DMSP and especially of DMS in our slurry experim ents w as m uch slower th an u n d er dark/oxic and light/oxic conditions. Similar to our findings, Lomans et al. (1999) have found a 10-fold higher degradation rate of DMS u n d e r oxic com pared to anoxic conditions in freshw ater sedim ent slurries. Fur therm ore, Jonkers et al. (1998a) d etected DMS only in small flux cham bers over sedim ent cores that w ere incubated in the dark w ith an N 2 atm osphere, but not in those that w ere incubated in the light w ith an air atm osphere.
In th e dark, photosynthetic oxygen production ceases in the sedim ent an d thus th e thickness of the oxygenated layer decreases. C onsidering the faster degrad atio n of DMSP an d DMS u n d er light/oxic con ditions in th e sedim ent slurries, an increase of the DMS(P)porewater concentration in th e d ark w as e x pected. However, in our study w e did not observe a dif ference in DMS(P)porewater concentrations in the sed i m ent in the light or th e dark. O ne explanation m ight be that w e do not know exactly from w hich d e p th of the sedim ent the p orew ater w as collected, as a conse quence of the m ethod used for p orew ater collection (see 'M aterials an d m ethods'). If p orew ater w as col lected from a layer w hich w as relatively thick com p a re d to th e thickness of the oxic layer, th en the effect of a relatively low DMS(P)porewater concentration in the oxic layer m ay not have b een noticed in the average DMS(P)porewater concentration th at w e m easured. A second explanation for th e constant DMS(P)porewater concentration m ight be that th e m axim um excretion rate of DMSP from the diatom s is m uch low er th an the potential degrad atio n rate of dissolved DMSP u n d er all conditions. In that case, th e standing concentration of DMSP in the p orew ater will alw ays be low.
The observation that DMS(P)total and DMS(P)porewater rem ain ed nearly constant in th e light an d in the dark indicated that DMS(P) production an d consum ption processes w ere in equilibrium in the light an d in the dark. However, heavy rainfall at the e n d of the low w ater period in th e d ark caused a sud d en increase in the extracellular DMS(P) concentration. Presumably, this is caused by excretion of DMSP by th e diatom s on the sedim ent surface, w hich w ere exposed to an osmotic dow nshock. Excretion of DMSP as a response to an osmotic dow nshock has b e e n o bserved in the Prasinophyte alga Tetraselm is subcordiform is (Dick son & Kirst 1986a) an d in the estuarine benthic diatom C ylindrotheca closterium (Van Bergeijk 2000) , and it is assum ed th at this is p art of a m echanism of osmoacclimation.
O ur results show that, although DMS(P) m ay accu m ulate in the anoxic layer of the sedim ent, d u e to a re l atively slow degradation und er anoxic conditions, it will be largely consum ed in the oxic layer w h en it diffuses tow ards th e sedim ent surface. This hypothesis is con firm ed by several reports on direct flux m easurem ents in intact in tertidal sedim ent cores u n d er an air atm o sphere, w hich show ed no differences in DMS fluxes u n d er light or d ark conditions (Jorgensen & Okholm-H ansen 1985 , H arrison et al. 1992 , B odenbender et al. 1999 ). H arrison et al. (1992 ) an d C erqueira & Pio (1999 have m easu red in situ DMS fluxes from em ersed in ter tidal sedim ents of around 100 nmol n r 2 h-1. This is in the sam e order of m agnitude as fluxes calculated for seas and oceans (see references in C erq u eira & Pio 1999), despite the m uch higher DMSP contents of in ter tidal sedim ents com pared to pelagic ecosystems.
We suggest that the low flux of DMS from intertidal sedim ents is caused by a relatively low turnover of particulate DMSP and a relatively high turnover of dissolved DMSP and DMS in intertidal sedim ents. To illustrate this point, w e estim ated the turnover rates of dissolved DMS(P) and particulate DMSP. The degradation rate constants of dissolved DMS(P) under oxic conditions at our sam pling site w ere 105 to 117 d -1 for DMSP and 19 to 27 d -1 for DMS in sedi m ent (Table 2: values m ultiplied by 6 to correct for a 6-fold dilution of the sedim ent in the slurries), com p ared to an average of about 10 d_1 for DMSP (Kiene 1996) and 0.3 to 2 d_1 for DMS (Simó & Pedrós-Alió 1999) in seaw ater. Thus, turnover rates of dissolved DMS(P) in our intertidal sedim ent system are approx im ately 1 order of m agnitude higher th an the values rep o rted for seaw ater. This m ight be explained by the fact that population densities of m icroorganism s, including those responsible for DMS(P) degradation, are generally orders of m agnitude higher in intertidal sedim ent ecosystem s th an in open seaw ater. To esti m ate the turnover of particulate DMSP, w e m ake use of our observation that the concentration of DMS(P) in the porew ater w as constant over a diel cycle, indi cating that production and consum ption w ere in b a l ance. Com bining a porew ater concentration of DMS(P) of ca. 100 nM (Fig. 1) w ith a turnover rate of d is solved DMSP of ca. 110 d_1, the degradation rate of dissolved DMSP w ould be 100 nM x 110 d_1 = 11 pM DMSP d_1. H ence, release of dissolved DMSP from particulate DMSP w ould also be ca. 11 pM d_1. As the content of particulate DMSP in the sedim ent w as about 100 pM, this implies a turnover rate of particu late DMSP of ca. 0.1 d_1. Using d ata from pelagic sys tem s (Kiene 1996 , Ledyard & Dacey 1996 , Van Duyl et al. 1998 ) turnover rates of particulate DMSP of 0.14 to 2 d_1 w ere calculated. This reveals that, indeed, the turnover rate of particulate DMSP in our in ter tidal sedim ent ecosystem is low er th an the values rep o rted for seaw ater.
In conclusion, w e found that although intertidal sed im ents contain high total am ounts of DMSP, a re la tively low am ount of DMS(P) is detected in the p o re w ater and therefore no large fluxes of DMS to the atm osphere are to be expected from intertidal sedi m ents. U nder naturally fluctuating light and oxygen conditions only small am ounts of DMSP are released by the diatom s, and once released, DMSP and DMS are rapidly d eg rad ed in the u p p er oxygenated sedi m ent. D isturbances, how ever, like osmotic shocks caused by rainfall, can lead to a transient accum ulation of DMS(P) in porew ater and possibly to a higher flux of DMS to the atm osphere. 
